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INVE3TIG4TION OF RIM CRACKING H? TURBINX

WEEEI.S WITH WELDED BLADES

By M. B. Millenaon and S. S, Manson

. suKMARY

The phenomenon of rti cracki~ in turbine wheels with welded
l)ladesis e@,ained on the basis of the occurrence Gf pla6tic flow
in the rim duri~ the t_~~ient, starting conditions when thermal
compressive stresses resulting from h?.gh-tem~eraturegradients
exceed the proportional elastic limit of the material. Such plastic
flow in cc?npressiondur:~ the int:ta?-operatl.ngperiod results in
high-residual tensile stressesj which may cause cracking upon
cooling of the turbine, Calculations am presented to show the
beneficial effects of shrink-f’ittingthe rim of a composite welded
disk on tidecentral ~artion to decrease the occurrence of rim cracking
and of drilling axial holes at a emzll distance below the rim of
the wheel to reduce the prop-+ticn of the crackm.

HYTRODUCTION

One of the problems in the construction of turbine wheels is
the selection of a suitable method of attachiqj the blade~ to the
turtine diske Welding the b?.adesto the disk offers the advantages
of reduced cost and mme rapid fabrication as ccqared with other
methcds. E@erience in En@and and the United States in operation
of wheels fabricated “Dywelding on the blades, however, has shown
frequent occurrence of cracking of the wheel rim between adJacent
b~adeg. Typical cracks are Wmwn tn figure 1.

An investigatim of Type B-31 turbosupercharger wheels reported
by the General Electric Company in 1945 shows that rim crackiq
consistently occurs under repeated cycling through stiulated starts
and stops. Temperature-cTcling experiments on an assembly of
Ninmnic 80 blades welded to a Stay’bladerim were conducted in
England at the Hatimalphysical Laboratory in 1942., The weld
metal.abruptly fused with the blade material forwi~ a sharp
boundary between the two metals and tiiesu~estion has been made by

.
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British investigators that this %oundary might produce a stress ,...d:.:t,;
concentration leading to intercrystal.1.ine&racking.

-L_q
Neither investi-’ _.->-

gation, however, providee any quantitative explanation for the source
+-3
3of tensile stress6s that cause the cracking, A possible explanation

of these failures anl an indication of remedial measures for their
—

prevention based an wm”k done at the NAC!ACleveland laboratory are
presented. *

QUALITATIVE’AWYSIS

l?koma preliminary analysis, rim cracking in welded turbine wheels
appears to be caused by residual tensilo stresses occurring in the rim
in regions of stres~ concentrationnear tho blade attachments. These
stresses result from a reeidual strainintroduced by plastic flow
under compressive %tress occurring during starting and initial
operating conditions.

—
e“
T

When any gas turbine is st=ted, a high temperature gradient is
established between the cool c&ter and the hot rim. The differential
expansion resulting from the tempcmature ~adient in the various k

portions of the disk is the predamhant factor in produci~ Vlermal.
stresses in the disk, In composite wheels made with a steel ccmtm’
and a heat-resisting alloy rtm, an additional effect is caused by the
difference in Vnezmcd coefficients of oxpamion of the two materials.
Experiments have bem conducted on a composite wheel to show the
effect of the difference in thermal coefficients of the two materials
bymeasuroment of the strains induced when the temperature of the

—

wheel was raised above room temperature. The wheel, instrumented
with strain gages as shown in figure 2j was placed in an oven and
heated to various uniform temperatures. A plot o~ a typical set of
strain readings converted to stresses is shown in figure 3.

..-

The rim stresses caused by the temperature gradient and increased
by the effect CN dtfferent coefficients of expansion in composite
disks with steel centers and heat-resistant alloy rims are conqyessive
and may exceed the proportional elastic limit of the material at the
hieh temperature present near the rim and cau~e plastic deformation.
When the wheel returns to,room temperature, the pla~tio strains that
occurred at the htgh temperatures produce residual stresses. -At the
rtij these stresses are tensile and if they are hi@ enough, cracks
mey form in the rim immediately after the wheel is stopped. Ordinarily
the stresses a-e tco low, however, to cause cracking in one cycle but
will produce sonm plastic flow in tension.
starting and stmjq)= will cause alternate

Subsequent CYC1OS of
compressive and tensile flow

*.

*
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.
.--, and progressively weaken the material until cracking occurs in a

manner somewhat similar to the fatigue of metals under repated
loading.

.
.

Because rim cracking is due to residual tension in the rim,

“ cracks are most likely to occur in wheels with welddd blades, wheels
with inserted blades have discontinuous rime and therefore cannot
Qustain tensile loading. The effect of compressive flow in discon-
tinuous rims would be loosening of the blades in the mounts. Con-
ceivably, in unusual circumstances the region of compressive flow
in such rims might extend below the blade mounts and cause cracks
originating in the root of the mounting slot.

,

“

.
.

The effects of the cyclic plastic flow resulting from cyclic
heating and cooling indicate that the number of starts and stops
is an important factor in determining turbim-di.sk life and that
steady-state running time has less effect on the length of service.

MATEEMA.TKML ANALYSIS

In the course of investigation of stresses in gas-turbine
disks, a study has been made of a com~site welded wheel. This
wheel had an EXE 4340 steel center welded to a Timken 16-25-6
alloy rti at a radius approximately 80 percent of the rim radius.
In this investigation two types of computation were made by methods
develo~d at the Cleveland laboratory. The first method, which
gives results hereinafter referred to as “the elastic stresses,”
determines the magnitude of stresses that would.be present if the
material were at all times linearly elastic. The second method,
which gives results hereinafter termed “the plastic stresses,”
determines the magnitude of stresses present when the material
departs from linear elasticity and permanent deformation occurs.
This method gives results that re~resent the actual behavior of ths
material. The stresses that are computed without consideration of
the presence of stress concentration are referred to as “ncauinal
stresses.”

The nominal elastic stresses present in the disk Investigated
under assumed sterting conditions of 5300 qm (70 percent of the
rated speed) and a temperature gradient from 70° F’at the center
to 1050° F at the rfm (fig. 4), varying as thd tenth power of the
radius, is shown i.nfigure 5 together with the correspondin~ ylastic
stresses. The plastic flow that occurs under these conditions
results in the residual-stress distribution shown in figure 6 In
which the plotted values again represent nominal elastic stresses.

..
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Actually, tensile flow would occur at the rim becauee the room-
temperature proportional.elastic limit af the Timken alloy is
approximately 73,000 pounds per square inch for unstrained metal and
would probably be lower after the previous flow in compression. Even
if the temperature gradient is considerably leas eteep than assumed,
enough plastic flow will occur to produce serious residual stresees,
particularly because the effect of stress concentration has been
neglected in these.c~mputations.

Calculations are boi~ made to determine the effect of any
additional plastia flow that may occur during the time the wheel is
warming up to the steady-state running teiigoraturedistribution, tho
effect of cyclic heating and co,~ling,and the effect of tensile flow
after stopping on the residual-stress distribution.

0-

-.

l?osslBm 3UIMEDIES -:
. —

“

One possible method of reducing the high compre~sive stresses
at the rim of a conqosito wheel such as the one investigated is that
W shrinking the rim onto the center before welding and thereby

1
k

introducing initial tension in the .riw The elastic tangential-stress
distribution in several such wheals with various amounts of shrink fit
under aasumed starting conditions is shown in figure 7.

-.
Shrinking the

rin on the center section has a marked effect on the compressive rim
stresses; however} tensile stresses will be induced at the rim when
the disk Is at room temperature and excessive tenai.leetrosses will
result at the junctme of the two materials~ Co~idera~ion of fig-
ure 7 and af calculations of rocml-temperaturestresaos indicates that
a diametric interference of 0.075 inch is a satisfactory value, This
amount af shrink corresponds to a temperature difference of 400° T if
the center part is kept nea~lroom temperature for the materials in
the disk investigated. If the shrinking operation is carried out with
the center at a higher temperature, this amount of interference can
be obtained with a smaller .teqerature difference because of the wria-
tion of the coefficient of thermal expansion with temperature.
Although the use of this shrink would not lower the starting stresses
below the proportional limit of the material at the rim, it would
reduce the amount of flow during operation to about one-half that
occurring in a whocl with no shrink ad thereby produce a corre-
sponding reduction in residual stresses. Calculations indicate that
change in the location of the weld has little effect on the magnitude
of the rim stresses,

Another pousible solution to the problem is to GIOt the wheel
between blades to a depth of approximately ens-half inch wivh a
stress-relief hole at the lase of the slot. Slotti~ would reduce

.
.-

r-
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ti~eeffective diemeter of the wheel &nd the residual stresses that
occur would hence be lower than in tha wnslotted disk, The elastic
and plastic tangential-stress distributions that would be present
in the slotted disk durinq the etmting ~eriod me shown in figure 8.
The resulting elastic tangential residual stress is presented in
figure S. The stress at the effective rim of the disk Is lower than
in the unslottad disk and has been removed from the junction of blade
and weld metal, the region that is indicated as critical by Brftieh
inveati~a.tors,to the region containing a stress-relieved.hole.

Drilling holes on the same wheel radius as the relief holes but
omitting the slots would allow cracks to progress Into tineholes sad
have essentially the same effect as Vae slots. Although slots have
the advantage of preventing the crack from taking an arbitrary path
and possibly nissi~ a hole, use of holes alone would permit easier
wheel fabrication end tideirregular surface of the crack might also
provide friction damping in the evsnt of blade vibration.

SUMM.WRY03’RESULTS

A princtpal difficulty encountered in the fabrication of
turbine wheels with welded blade assemblies has been the frequent
occurrence of rim-cracking. From work completed in the etudy of
such wheels, these failures appear to be caused by high residual
tensile stresses in the rim that occur as a result of compressive
flow during turbine operation. Slotting ariidrilling the disk rti
and correctly designing the amount of shrink fit are suggested as
possible remedies.

Aircraft R@ne ReseArch L&oratory,
National Advisory Committee for Aeronautics,

Cleveland, Chio.
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Figure 1. - Typical inter blade cracks at rim of turbine wheel with welded buckets. m
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Fig. 2

.

-.

.

Figure 2. - Strain-gage installation on composite welded

turbine wheel to measure thermal stresses in composite

disk due to difference in coefflci.ent of thermal expan-
sion between steel central portion and high-temperature

al Ioy rim.

.
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